Abstract: This paper compares EPA's ex ante cost analysis of the 2001 maximum contaminant limit (MCL) for Arsenic in Drinking Water to an ex post assessment of the costs. Because comprehensive cost information for installed treatment technologies or other mitigation strategies pursued by water systems to meet the new standard is not available, this case study relies upon ex post cost data from EPA Demonstration Projects, capturing a total of 50 systems across the US. Information shared by several states and independent associations on the types (but not costs) of treatment technologies used by systems is also summarized. Comparisons of predicted costs to realized costs using our limited data yield mixed results. Plotting the capital cost data from the Demonstration Projects against the cost curves for the compliance technologies recommended for smaller systems, we find that the EPA methodology overestimated capital costs in most cases, especially as the size of the system increases (as measured by the design flow rate).
Introduction
On January 22, 2001, EPA published new National primary drinking water regulations for arsenic (the "Arsenic Rule"). The Arsenic Rule lowered the maximum contaminant level (MCL) for arsenic in drinking water from 50 micrograms/liter (μg/L) to 10 μg/L. The rule applied to 54,000 community water systems (CWSs) and 20,000 other systems known as non-transient non-community water systems (NTNCWSs) that serve non-residential communities (e.g., schools, churches). Water systems had to comply with this standard by January 23, 2006. EPA estimated that approximately 3000 CWSs and 1100 NTNCWSs would need to treat their drinking water to meet the 10 μg/L standard. Of those systems affected, 97% were considered "small systems" serving 10,000 people or fewer.
The Arsenic Rule was particularly important in that it was the second drinking water rule in which EPA used the discretionary authority afforded by §1412(b) (6) of the Safe Drinking Water Act to adjust the MCL to a level above that which is technically feasible if the benefits do not justify the costs. While the Agency initially proposed an MCL for arsenic of 5 μg/L, EPA ultimately set the drinking water standard at 10 μg/L, concluding that the MCL of 10 μg/L maximized health risk reduction at a cost justified by the benefits (US EPA, 2000a). The technically feasible level for arsenic removal from water was established at 3 μg/L.
The costs associated with the Arsenic Rule include: 1) the costs of water systems to comply with the standard which includes treatment costs, monitoring costs and administrative costs of compliance and 2) the costs to States to implement and enforce the rule. The total annual costs of the rule were estimated to be approximately $181 million (1999$), with treatment costs comprising the bulk at about $171 million. The total costs to CWSs were approximately $172 million while the costs to NTNCWSs were estimated to be $8.1 million. EPA also estimated total annual treatment costs by system size across CWS and for NTNCWSs, by NTNCWS system service type.
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The cost implications for households were dependent on the size of their CWS. For households served by small CWSs (those serving fewer than 10,000 people), the annual increase in cost was expected to range between $38 and $327. For those served by CWSs that serve > 10,000 people, the estimated annual household costs for water were expected to increase from $0.86 to $32. The disparity in household costs between systems sizes was due to economies of scale, with larger systems able to spread the costs they would incur over a larger customer base.
The purpose of this paper is to examine how EPA's ex ante cost analysis of the Arsenic Rule compares to an ex post assessment of costs. This is not an evaluation of how well EPA conducted the ex ante analysis at the time of the rulemaking, but 1 EPA also estimated the health benefits associated with reductions in arsenic concentrations. Based on the available science at the time, EPA quantified and monetized expected reductions in bladder and lung cancers with estimates ranging from $140 to $198 million (1999$) . However, a number of health outcomes associated with arsenic exposure remained unquantified, including cancers of the kidney, skin, and prostate, endocrine disorders (e.g., diabetes) and other cardiovascular, pulmonary, and neurological effects. We do not conduct an ex post assessment of benefits to compare to these ex ante benefit estimates.
rather it is to see if we can gather enough information on the key drivers of compliance costs to make an informed judgment as to whether ex post costs are higher or lower than the estimates of ex ante costs for this rule. We are interested to see if actual costs diverged from ex ante costs and, if so, what factors caused this divergence (e.g., changing market conditions, technological innovation, etc.).
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While EPA used sound science and the best available information to estimate the costs associated with the rule in its benefit-cost analysis, there are several reasons why ex ante costs may differ from ex post costs. For example, technological innovation or regulatory or technical constraints could result in water systems using different treatment technologies for arsenic removal than assumed by EPA. The heterogeneity of water systems affected by the new arsenic standard introduces uncertainty into the ex ante cost estimates because EPA had to make assumptions about the type and size of systems that would exceed the standard as well as the treatment technologies those systems would use to reduce arsenic levels. The ex post data are extremely limited as well. These factors all add to the analytic challenges of how to determine and evaluate the costs faced by water systems affected by the Arsenic Rule.
The remainder of the paper is organized as follows: Section 2 summarizes the methods EPA used to produce ex ante compliance costs for the final rule by water system type and size (number of people served). Section 3 describes sources of information available to conduct an ex post cost assessment of the Arsenic Rule followed by our ex post cost assessment in Section 4. Section 5 presents a very limited comparison of ex ante and ex post compliance costs using data from a narrow set of demonstration projects designed to show the effectiveness of various treatment technologies at reducing arsenic levels. And the last section, Section 6, summarizes the analytic challenges we faced in conducting an ex post cost assessment of this rule.
Ex ante compliance cost prediction methodology

Identification of best available treatment technologies
EPA's ex ante compliance cost estimates for the Arsenic Rule required the identification of the "best available technologies" (BAT) effective at removing arsenic and bringing water systems into compliance with the MCL. The following technologies were identified by EPA as BAT: -Modified lime softening -Modified coagulation/filtration -Ion exchange -Coagulation assisted microfiltration -Oxidation filtration (greensand) -Activated alumina In addition to these centralized treatment technologies, EPA identified point-ofuse (POU) devices as appropriate for small systems to achieve compliance with the arsenic MCL. POU involves treatment at the tap such as a water fountain or kitchen sink. The POU treatment options considered were: -POU reverse osmosis -POU activated alumina Cost equations and the resulting cost curves for both capital and operating and maintenance (O&M) costs for each of these technologies are presented in the Technologies and Costs for Removal of Arsenic from Drinking Water (US EPA, 2000c) and serve as major inputs to EPA's prediction of compliance costs. Some of these technologies generate wastes that require disposal or pre-treatment (e.g., pre-oxidation or corrosion control) in order to be effective. Waste disposal capital and O&M cost curves were also presented for those technologies and included in the total costs of the BATs when relevant. The capital cost curves are a function of the system design flow (mgd, million gallons per day) while O&M cost curves are a function of the average flow (mgd) of the system. Alternative technologies such as sulfur-modified iron, iron filings, iron oxide coated sand, and granular ferric hydroxide still in the experimental stages are also discussed.
Main components of ex ante compliance costs
EPA employed different methods to estimate compliance costs for each of three different system categories: CWSs serving fewer than 1,000,000 people, NTNCWSs, and CWSs serving 1,000,000 people or more. In the economic analysis, EPA used a Monte Carlo simulation model (the Safewater XL model) to estimate compliance costs for the CWSs serving 1,000,000 or fewer people and a deterministic spreadsheet analysis to determine compliance costs for the NTNCWSs. EPA estimated compliance costs individually for the large systems (those serving 1,000,000 people or more) expected to exceed the standard. Total national compliance costs were then calculated by summing the compliance costs for the three system categories. Each methodology is discussed in more detail below.
Community water systems (systems serving < 1,000,000 people). To estimate compliance costs for this size category of CWSs, EPA used the Safewater XL model. The model uses a combination of individual system data and distributional data (e.g., arsenic occurrence, number of entry points per system) to estimate costs. The data required for Safewater XL include a list of all water systems, system source type (groundwater or surface water), population served by the system grouped into one of eight size categories ( < 100; 101-500; 501-1000; 1100-3300; 3301-10,000; 10,001-50,000; 50,001-100,000; 100,001-1,000,000), and flow rate of the system. These data are available from EPA's safe drinking water information system (SDWIS) which contains data on all public water systems as reported by States and EPA Regions.
EPA estimated the number of entry points for each water system and its corresponding population size category using data from the 1995 Community Water Supply Survey.
3 Arsenic occurrence data are based on EPA's "Arsenic Occurrence in Public Drinking Water Supplies" report (US EPA, 2000b) . Mean arsenic distributions for each system were estimated by sampling from observed data for actual systems with the same water source type in eight geographic regions of the country. Each system was assigned a random concentration from the arsenic occurrence distribution. The arsenic concentration for each system was then distributed (preserving the assumed mean) across each of the entry points in the system so that each entry point had its own assumed arsenic concentration.
The Safewater XL model then compared the arsenic concentration at each entry point to the 10 μg/L MCL standard. Entry points with predicted arsenic concentrations above the MCL were assumed to reduce the site concentration to 80% of the MCL, while entry points with predicted arsenic concentrations below the MCL were assumed not to employ any treatment. 4 For those entry points that required treatment, the Safewater XL model used a decision tree to assign a treatment technology to the entry point appropriate for the size and type of system.
5 Each decision tree assigned a probability to the application of a specific 3 Entry points are points at which water enters a water system's distribution network from wells, storage tanks or water treatment plants; in general, groundwater systems have more entry points than surface water systems and larger systems have more entry points than smaller systems. 4 Safewater XL calculates the percent reduction in arsenic concentration required to reduce the site concentration to 80% of the MCL standard (this is a safety factor that includes a 20% excess removal to account for system over-design). 5 EPA created sixteen decision trees: two source types for each of the eight group sizes.
treatment technology at a given entry point, with the probability dependent on the source water type, population size, and effectiveness across options based on the amount of arsenic requiring mitigation. Using the design flow and average flow of the system and the cost curves and equations developed in the Non-transient non-community water systems. For the NTNCWSs, EPA estimated compliance costs using a deterministic spreadsheet rather than the Safewater XL model. Similar to the methodology employed for the CWSs described above, the spreadsheet relied on the SDWIS data for information on the number of systems affected and the population served and used the same arsenic occurrence distribution developed above. Based on the design flow of the system, one of two treatment technologies was selected: (1) point of entry activated alumina or (2) centralized activated alumina. Point of entry activated alumina was selected for NTNCWSs with design flows < 2000 gallons per day and the centralized active alumina was selected for all other systems. Capital and O&M costs were calculated based on the treatment technology selected and the design and average flow of the NTNCWS.
Community water systems (systems serving populations of 1,000,000 or more). For each of the nation's 25 largest drinking water systems -those serving 1,000,000 people or more, EPA developed individual compliance cost estimates using system specific information including entry point water quality parameters, system layouts, design and average flow, and treatment facility diagrams. 6 The resulting estimates were sent to each of the utilities for review and approximately 30% submitted revised cost estimates or additional arsenic occurrence data. EPA revised the cost estimates for those systems using these additional data. Of the 25 drinking water systems, three were expected to exceed the arsenic MCL -those located in Houston, Los Angeles and Phoenix. The cost estimates developed for these three systems accounted for approximately 20-25% of the total compliance costs estimated for the Arsenic Rule.
Main sources of uncertainty in ex ante cost estimates
Ex ante analyses are subject to many challenges and uncertainties. Selection of the most effective mitigation strategy depends on conditions that are specific to each system. Source of water (e.g., groundwater versus surface water), size of system (population served), and water quality conditions vary across systems. Water quality parameters such as pH, iron, sulfate and even the type of arsenic have implications for the effectiveness of a given treatment technology. However, EPA lacked information on exactly which systems would be out of compliance with the new MCL and relied on modeled outcomes. EPA based its cost estimates for these systems on predicted mitigation strategies. Over 90% of compliance costs were derived from a regulatory cost model, SafeWater XL. Modeled outcomes by design introduce uncertainty.
Location may also affect the choice of mitigation strategy. Proximity to other neighboring water systems or other alternative sources of water may favor blending or finding a new source. Further, waste streams containing arsenic resulting from the use of some technologies may be considered hazardous waste and subject to disposal regulations 7 , with some states imposing their own requirements in addition to federal regulations. These waste disposal restrictions may further constrain the choice of technologies and ultimately affect the associated costs. In addition, some states may require pilot testing before the installation of a treatment technology, increasing the costs of compliance with the new MCL (US EPA, 2005). Technological innovation or regulatory or technical constraints could result in water systems using different treatment technologies for arsenic removal than the BATs listed by EPA. The SafeWater XL Model is not able to capture these potential exogenous factors that may influence how a water system will reduce their arsenic concentration.
3 Data and literature available to conduct ex post evaluation
Ex post literature
Prior to and after promulgation of the Arsenic Rule, a number of studies reviewing EPA's ex ante cost estimates were prepared -some in general support of the Agency's estimates (e.g., Gurian, 2006; NDWAC 2001) and others contesting them (e.g., Bitner, Thomson, & Chwirka, 2001; Frey, Chwirka, Narasimhan, Kommineni, & Chowdhury, 2000) . Because of the importance of the Arsenic Rule and the national debate surrounding it related to science and costs, EPA's Administrator publicly announced on March 20, 2001 , that the Agency would take additional steps to reassess the scientific and cost issues associated with the Arsenic Rule.
As part of that review, the Agency worked with its National drinking water advisory council (NDWAC) to review the assumptions and methodologies underlying the Agency's estimated costs for arsenic compliance. Upon finishing their review, NDWAC concluded that EPA "produced a credible estimate of the cost of arsenic compliance given the constraints of present rulemaking, data gathering, and cost models" (NDWAC 2001) . In spite of the interest the Arsenic Rule generated at the time, our search of the literature identified only two studies that have made comparisons of ex ante and ex post costs of compliance with the Arsenic Rule: Gurian, Bucciarelli-Tieger, Chew, Martinez, & Woocay (2006) and Hilkert Colby, Young, Green, & Darby (2010) . Gurian et al. (2006) presents some limited comparisons of EPA's ex ante cost estimates and realized, ex post cost estimates for the Arsenic Rule using information from twelve EPA demonstration projects reported in Chen, Wang, Oxenham, & Condit (2004) . Plotting the realized capital costs for these projects against EPA's cost curves for ion exchange and activated alumina, they find that, in 10 out of 12 cases, capital costs for the demonstration projects fell below the 1999 estimates. However, Gurian et al. caveat their results by noting potential biases embedded in the demonstration project cost estimates (e.g., biased vendor bids, tendency toward treatment technologies rather than non-treatment solutions, availability of additional expertise in devising a solution, etc.).
Gurian et al. also present the results of a small survey of six "large" water systems conducted in 2003 in which they ask about the progress each has made in coming into compliance with the new arsenic MCL. 8 Rather than compare these realized costs with EPA ex ante estimates, however, they make comparisons with pre-regulatory estimates derived and presented for these same six systems in Frey et al. (2000) .
Hilkert Colby et al. (2010) perform a somewhat more comprehensive comparison of ex ante and ex post costs in their paper looking at costs of arsenic mitigation for 43 systems in the state of California. They compared the reported capital and O&M costs with those of 13 EPA Demonstration projects that use Adsorptive 8 Frey et al. report projected capital and O&M costs for six groundwater systems serving more than 100,000 customers. This definition of "large system" differs from that used by EPA by an order of magnitude. media (specifically Bayoxide E33). In addition, they compare the realized costs with EPA's affordability threshold (i.e., the total annual household water bill considered affordable) as well as the available expenditure margin for a revised MCL (i.e., the remainder of the threshold amount after subtracting off estimates of annual household water bills) reported in the economic analysis.
Although they find that the median annualized costs for California systems fall within the expected household cost for compliance with the Arsenic Rule of $0.01-$5.05/1,000 gallons (2008$), they report that 22% of the systems had annualized costs that exceeded these amounts; 19% had costs greater than EPA's expenditure margin; 15% had costs greater than EPA's affordability threshold for drinking water. However, in making these comparisons, they admit their assumption that the treatment technology in operation at each location is used to treat all water sources on the property. This assumption could result in an overestimate of costs as "not all the water for the system requires arsenic treatment." They also find that compared to California systems using similar technologies, the selected EPA demonstration sites reported lower median and maximum annualized costs. Specifically, compliance costs among systems in California employing similar technologies were $0.09/1000 gallons higher than the 13 selected EPA demonstration projects, with the demonstration projects enjoying somewhat lower labor costs but higher media replacement costs than California systems.
Data for evaluating ex post costs
We explored several source categories for ex post cost data including publicly available data on water systems and arsenic contaminant levels, EPA's office of research and development (ORD) Demonstration Projects, consultations with industry compliance experts as well as information provided by state authorities and associations in areas known to have levels of arsenic in drinking water exceeding the MCL. We discuss our findings in more detail below.
Publicly available data. A considerable amount of basic operating information (including population served, location, ownership, waters sources, contaminant concentrations, existing treatment) for public water systems is available from SDWIS and the community water system survey.
9,10 As a matter of fact, EPA used these two publicly-available databases as its primary sources of data for the Safewater XL model to estimate regulatory costs for the universe of public and private water systems. However, gaps still remain in the publicly-available data that prevent the robust estimation of the realized costs of complying with the Arsenic Rule (US EPA, 2014). These gaps include mitigation strategies pursued by each system out of compliance with the new arsenic standard and the costs associated with installation and operation of these technologies (O&M costs and capital expenditures).
ORD demonstration projects. In October 2001, EPA embarked on a project to help small CWSs ( < 10,000 customers) research and develop cost-effective technologies to meet the new arsenic standard. As part of the Arsenic Rule Implementation Research Program, EPA's ORD conducted three rounds of full-scale, onsite demonstrations of arsenic removal technology, process modifications and engineering approaches for small systems from 2005 to 2007. In total, EPA conducted 50 arsenic removal demonstration projects in 26 states in the US. Treatment systems selected for the projects included 28 adsorptive media (AM) systems, 18 iron removal (IR) systems (including two systems using IR and iron addition (IA)) and coagulation/filtration (CF) systems (including four systems using IR pretreatment followed by AM), two ion exchange (IX) systems, and one of each of the following systems: reverse osmosis (RO), point-of-use (POU) RO, POU AM, and system/process modification.
11 Of the 50 projects, 42 were CWSs and eight were NTNCWSs.
The report "Costs of Arsenic Removal Technologies for Small Water Systems: U.S. EPA Arsenic Removal Technology Demonstration Program" (US EPA, 2011a) summarizes the cost data across all demonstration projects grouped by the type of technology. Total capital costs and O&M costs are presented for each treatment system. Capital costs are broken down by equipment, site engineering, and installation costs. Factors affecting capital costs include system flow rate, construction material, media type and quantity, pre-and/or post-treatment requirements, and level of instruments and controls required. The O&M costs for each treatment system are broken down by media replacement, chemical use, electricity and labor.
Compliance assistance engineering firms. Water systems needing to respond to the new arsenic standard may hire engineering firms to aid in designing and installing appropriate water treatment systems. As these firms would likely have detailed cost information for projects in which they were involved, we reached out to several and enlisted the assistance of two engineering firms, Malcolm Pirnie and Wright-Pierce.
12,13 Specifically, Malcolm Pirnie provided cost information for seventeen water systems located in California and Arizona ranging in size from 0.4 mgd (million gallons per day) to 6 mgd. The treatment technologies for these systems included three ion exchange (IO), one reverse osmosis (RO) and one point-of-use reverse osmosis (POU-RO), one activated alumina (AA), five granular ferric oxide (GFO), three granular iron media (GIM), one iron-enhanced media and one blending plan. Wright-Pierce provided cost information for two water systems which used greensand filtration as the treatment technology. The two water systems are located in Maine -one in the town of Lisbon and the other in the town of South Berwick.
Independent associations and state agencies. Four independent associations and four states (i.e., Maine, Michigan, Nevada and Washington) responded to our request for information.
14 Even though none were able to provide information on the costs of compliance strategies, they did provide interesting information about compliance strategies pursued by systems and related shortfalls. According to the associations and states, while systems did use BATs, adsorptive media was also widely used. In Maine the majority of systems (67%) employed adsorptive media while the most widely used strategy in Washington was oxidation/filtration (33%) followed by adsorptive media (25%). In Michigan sixty-three of the systems (or 54%) opted for the installation of some sort of technology with most utilizing either iron-based adsorptive media, coagulation/filtration or manganese dioxide/greensand process. Systems also used non-treatment options. In Washington non-treatment options (including abandoning a contaminated source, drilling new wells, etc.) represented another 17% of the mitigation strategies utilized with blending not far behind at 14% while 23 systems (20%) found new sources of groundwater and 9 (or 8%) connected to municipal water systems in Michigan.
Certain technologies require access to sanitary sewers to dispose of backwash water containing arsenic residuals. Even though they did not provide actual cost data, both the states and associations provided anecdotal information that disposal of this backwash water increased the costs of compliance and that EPA underestimated this cost. As in the other states, Nevada said adsorptive media figured prominently in the treatment strategies employed especially among 12 Malcolm Pirnie provided technical support to EPA during the development of the Technology and Cost Document for the Arsenic Rule. 13 Internal review of this document raised concerns about the potential bias associated with capital cost estimates provided by engineering firms in that they might capture other capital improvements unrelated to arsenic mitigation. 14 For a list of associations and states who responded to our requests, please see Section 4.3.2 in US EPA, 2014. systems without access to a sanitary sewer for disposal of backwash. Even when systems did have access to sanitary sewers, industrial pretreatment, bio-solids or NPDES concerns of the wastewater treatment facility often precluded systems from utilizing the sanitary sewers for disposal of backwash. Even though Michigan did not provide any cost data to substantiate this statement, they contend that disposal of backwash "in many cases doubled the cost amount of original arsenic removal system." According to the association of California water agencies (ACWA), more stringent requirements in California related to the management of arsenic residuals were a key driver in the selection of treatment technologies and often resulted in significantly higher compliance costs in California (ACWA, 2011). 
Regulated universe
All public water systems, which include publicly-and privately-owned CWS and NTNCWS, could potentially be affected by the Arsenic Rule. In addition to being classified by the number of people served by a water system (system size), public water systems are also classified by their water source: surface water vs. ground water. EPA primarily used a December 1998 "snap shot" of SDWIS to characterize the universe of water systems that could potentially be affected by the Arsenic Rule. At the time of the rulemaking, there were a total of 63,984 public/private ground water systems and 11,843 public/private surface water systems that could be potentially affected by the rule. Most of these systems were CWS -54,352 -while the remaining 20,255 were NTNCWS. The majority ( > 90%) of the CWS served fewer than 10,000 people.
Recall that the Arsenic Rule was promulgated in 2001 but water systems had until 2006 to meet the new MCL. Looking at the SDWIS summary data for these years, it appears that the size of the regulated universe has decreased from the 1998 baseline. While the differences are not substantial, decreases are apparent for both CWSs and NTNCWSs. In 2001 there were a total of 53,783 CWSs and 20,095 NTNCWSs while in 2006 there were a total of 52,339 CWSs and 19,045 NTNCWSs. Most of the decreases in both years were for systems that serve 500 or fewer people. The number of systems serving fewer than 500 persons has continued to decrease. The number of systems decrease another 1% from 2006 to 2008. The decline in these systems over time is most likely due to states' restructuring efforts such as having small systems connect to large, publicly-owned systems or restricting the number of new systems serving fewer than 500 from being created (US EPA, 2011b).
Baseline information
EPA relied on MCL compliance monitoring data from 25 states to develop the arsenic exposure and occurrence database (AEOD) (US EPA, 2000b). These state data were representative of almost every ground and surface water CWS in the state in addition to many NTNCWSs. The data sets also contained multiple samples from the individual systems that showed how arsenic levels varied over time or across locations within the system. From these data, EPA developed an estimate of national baseline arsenic occurrence to predict the percentage of CWSs that would have one source above the various MCLs. However, there are some limitations to using the AEOD. While most regions of the US are represented in the database, few states in the Southeast, Mid-Atlantic and New England area are included. Among the states represented, the arsenic reporting limits varied. Even though the EPA developed statistical methods to analyze values below the detection limit, the lack of consistent arsenic occurrence measurements across states is a drawback to the AEOD (Frost, Muller, Petersen, Thomson, & Tollestrup, 2003) . To the best of our knowledge, EPA has not updated the AEOD since the Arsenic Rule was promulgated.
When EPA was developing the AEOD, they examined other arsenic data sources such as the National arsenic occurrence survey, the United States Geological Society ambient ground water arsenic databases, the national inorganics and radionuclides survey, and the metropolitan water district of Southern California survey, but each of the databases had limitations which prevented their use. Instead, EPA used these databases as comparison tools to check the arsenic concentrations predicted by the AEOD (US EPA, 2000b).
Methods of compliance
In the economic analysis for the Arsenic Rule, EPA presented estimates of unit costs and national system treatment costs separately for three system categories: small and large CWSs and NTNCWSs. 16 In order to obtain these estimates, EPA made assumptions about the number and types of systems that would need to treat their water; the type of treatment technology they would adopt; and the cost of installing and operating that technology. Ultimately, the actual compliance methods chosen by water systems depend not only on arsenic concentrations and the size of the system but also on location specific characteristics (e.g., iron levels in the water, pH, etc.), treatment methods already in use, and availability of alternative water sources. At the time of the arsenic rule-making, iron-based adsorptive media was in the pilot and research phase, so it was not identified as a BAT nor was it included in EPA's compliance forecast for the cost analysis. However, the technology's effectiveness has since been demonstrated by EPA and others. As evidenced by the technologies selected for the ORD Demonstration Projects and responses from the compliance experts, states, and independent associations to our inquiries, iron-based adsorptive media has emerged as the preferred treatment technology for mitigating arsenic contamination. In particular, Malcolm Pirnie indicated that adsorption to granular iron media (GIM) has been widely used at wellheads and in POU treatment systems. They also indicated that Granular Ferric Hydroxide or variations of this media have been used frequently.
In addition to treatment technologies, Malcolm Pirnie asserted that nontreatment options such as blending with low or arsenic free water, turning off wells with elevated levels of arsenic, or selective well screening to draw water from regions of the aquifer with low arsenic levels were also used. Malcolm Pirnie provided data on one utility in Central Arizona that used a blending plan. The total treatment capital cost reported by this utility was $15,000. The states also indicated that systems used non-treatment options that included blending, finding new sources of groundwater and connecting to municipal water sources. Non-treatment options such as blending and drawing water from another area in the aquifer with low arsenic levels were also used and are not considered in the economic analysis.
Wright-Pierce indicated that they were most familiar with greensand filtration. The pilot testing for their two systems showed greensand filtration to be the best technology for removing arsenic. Wright-Pierce did indicate that innovation has occurred within greensand filtration -their two systems used Pureflow high rate media which allowed for a higher filtration rate and fewer filters.
Ex post compliance cost
For the ex post assessment, we focus on the water system information and treatment technology costs reported by the ORD Demonstration Projects. Using the ORD data, we make some general comparisons with the ex ante cost estimates. First, we consider the realized capital costs reported for each of the systems and plot these against the predicted values generated using EPA's cost curves. In so doing, we compare ex post costs for these systems with the predicted values. As we have access to cost information for all of the demonstration projects, this is an extension of the work presented in Gurian et al. (2006) . Second, using information on the design flow rate for each of the systems, we estimate a pseudo ex ante estimate using the cost curves derived by EPA for that given technology. We then compare this estimate with the realized costs reported for each system. In this way, we attempt to determine how well the cost curves performed. Because cost curves were not developed by EPA for all of the technologies represented in the data, we are limited in the comparisons we can make with this methodology.
We also present the water system information and treatment technology costs reported by the two engineering firms: Malcolm Pirnie and WrightPierce. However, we do not make comparisons with ex ante cost estimates since it is possible that capital and O&M costs for other activities conducted concurrently with the arsenic mitigation are intermingled. For example, construction costs provided by the engineering firms for some systems may include the costs of upgrades to increase the capacity of the system or replacement of existing equipment that are unrelated to the Arsenic Rule but are performed while the system is installing a technology to reduce arsenic. However, even with the addition of the data on these nineteen systems from Malcolm Pirnie and Wright-Pierce, our data remain too limited to draw robust conclusions on whether EPA over or under-estimated costs associated with specific technologies.
ORD demonstration projects: total reported capital and o&m costs
Adsorptive media. For the 28 water systems that selected adsorptive media (AM) technology, seven systems were NTNCWS and 21 systems were CWS (there are 28 water systems because Klamath Lake has three POU AM systems). Arsenic concentrations ranged from 12.7 to 67.2 μg/L across the sites. Arsenic removal capacity of AM is highly dependent on pH. Most AM absorb arsenic more effectively at a pH value of 5.5-7.5, with adsorptive capacity increasing as pH decreases. Adjusting the pH value of the water can increase the adsorptive capacity and lower the operating costs but the additional pH control equipment increases both the complexity of the system as well the capital cost of the system. Source water pH values ranged from 6.9 to 9.6 across the sites. Source waters at seventeen sites had a pH value > 7.5, and seven of these 17 sites adjusted the pH value of the water. Table 1 summarizes design flow rate, average flow rate, total capital and O&M costs for the 28 water systems. Iron removal or coagulation/filtration. Of the 50 demonstration sites, eighteen sites used iron removal (IR) or coagulation/filtration (CF) as the main treatment technology. Iron removal or oxidation filtration processes involve passing water through a greensand filter to remove iron and arsenic. Four of the eighteen systems that used IR also followed treatment with adsorptive media (AM) to remove iron and arsenic. The four systems primarily used IR as protection against fouling the AM with iron. Table 2 summarizes the location, technologies, design and average flow rate, total capital and O&M costs for the IR/CF water systems. Two of the eighteen sites were NTNCWSs. Arsenic concentrations in source waters ranged from 11.4 to 84.0 μg/L.
Other arsenic treatment technologies. Table 3 summarizes the location, technologies, flow rates, total capital and O&M costs on two systems which use ion exchange (IX), one system which used reverse osmosis (RO), and two point-ofuse (POU) demonstration projects. At the Klamath Falls site, eight POU AM units were installed under a sink or inside a drinking water fountain in eight college buildings. At the Homedale site, POU RO units were installed in nine homes. Arsenic concentrations in source waters ranged from 18.2 to 57.8 μg/L. The presence of co-contaminants in source waters influenced the selection of treatment technology for the different sites.
Industry compliance engineering firms. Table 4 summarizes the location, treatment technology, design flow rate and total capital costs provided by Malcolm Pirnie. Six of the facilities used BAT options to reduce arsenic levelsthree ion exchange, two reverse osmosis, and one activated alumina. Seven of the utilities used some form of an adsorption technology while one utility choose blending, a non-treatment option. Capital costs are actual costs incurred by the utilities. Although we only report either actual or median total capital costs, when available, Malcolm Pirnie did break down capital costs by treatment equipment and materials, waste disposal equipment and materials, construction, land, engineering, bench and pilot testing, permitting, and other. Malcolm Pirnie did provide O&M costs for a few facilities but because it was unavailable for most facilities, we do not report O&M costs. 
Ex ante and ex post cost comparisons
Our only source of pre-regulatory cost information is the cost curves developed by EPA. At this time we use only one source of post-regulatory costs: ORD Demonstration Projects, of which a significant share is based on iron-based adsorptive media. To compare ex ante costs with our limited ex post cost data, we plot our ex post cost data against the capital cost curves used by EPA for treatment technologies recommended for smaller systems -activated alumina, ion exchange and greensand filtration. The capital costs from the ORD Projects are plotted in Figures 1 and 2 . 17 To keep the figures visually simple, Figure 1 plots the capital cost data for the demonstration projects that had a design flow rate between 0.01 mgd and 0.5 mgd while Figure 2 plots the data for projects with a design flow rate > 0.5 mgd. The results are mixed. In 42 out of 49 demonstration projects, realized capital costs are below the 2006 cost curve estimates for at least one of the three technologies. 
Comparison of technology costs
This section presents the actual capital costs and O&M costs compared to predicted costs obtained using EPA cost curves for two BAT compliance options: Ion Exchange and Greensand Filtration.
19 Before presenting these comparisons, there are a few points to note. First, there is more uncertainty surrounding operating cost estimates than capital cost estimates because of the difficulties in separating incremental activities related to rule compliance from general operating activities. Second, and most importantly, we do not have enough cost data to draw robust conclusions about whether EPA over or under-estimated technology costs. We present the cost comparisons for these technologies here to simply illustrate the evaluation we could make if we had more data on ex post technology costs.
Ion exchange. Table 5 presents total capital costs (CapEx) and total O&M costs (OpEx) for the two ORD demonstration projects that used ion exchange (IX). Using the design flow rate and average flow rate of the systems, we use EPA's cost equations for IX to predict the capital and O&M costs for this technology (EPA estimate). Column 5 represents the percentage error between these EPA estimates 
19
We only compare the ORD projects that used a BAT. We do not compare the projects that used a combination BAT and non-BAT (e.g., iron removal (IR) and AM) or a technology that was in the same class but a variation of a BAT. For example, we do not compare ORD projects that used coagulation filtration (CF) to EPA's BAT because EPA assumed modified coagulation/filtration and not new installation of the technology. Also Greensand filtration is the only form of IR or CF that was a BAT. Although similar, other IR technology used by the demonstration projects was not a BAT. and the realized costs reported by ORD demonstration project sites. A positive (negative) percentage error means that EPA estimate was higher (lower) than actual costs incurred by the individual system. EPA's estimates of capital costs were mixed. For the smaller system, as measured by design flow, EPA estimate was lower than the actual cost of the project and higher than the actual cost of the project for the larger system. For both projects, EPA's cost curves predicted lower O&M costs than the actual project costs.
Greensand filtration. Two community water system ORD Demonstration Projects used Greensand filtration (GF) as a treatment technology. Table 6 presents total capital costs (CapEx) and total O&M costs (OpEx) for these two systems. Using the design flow rate and the average flow rate of the systems, we use EPA's cost equations employed in the economic analysis for GF to estimate the capital and O&M costs for this technology (EPA Estimate). Column 5 represents the percentage error between EPA estimate and the costs reported by ORD Demonstration Project sites. A positive (negative) percentage error means that EPA estimate was higher (lower) than the actual project costs for those systems. In the case of the GF technology, one ORD Demonstration Project had capital costs that were slightly higher than EPA estimate (-1%) while the other had capital costs that were significantly lower than projected (69%). For both projects, predicted O&M cost were slightly lower than the realized cost.
Overall implications and study limitations
As the introduction and the literature survey make clear, even the most credible analysis of compliance costs (done before implementation) will vary from actual costs for a large number of reasons. For example, the number of water systems exceeding the standard could be larger or smaller than predicted before the rule. Or, as in the case of arsenic, innovation, impossible to forecast, may have reduced the costs. As indicated by the states and associations who provided information, adsorptive media, which was still in the experimental stage when the rule was developed, proved to be effective at reducing arsenic levels and was widely adopted as a treatment option. This case study was particularly challenging in that the systems affected by the new arsenic standard are heterogeneous. This fact is made apparent in the limited information we gathered from states and associations. The differences among water systems across the county necessitated that a variety of treatment technologies, even some non-treatment options, be used to reduce arsenic levels. In addition to the heterogeneity of sites, it is also challenging to distinguish costs attributable to compliance with the Arsenic Rule from costs incurred by systems as a result of complying with other regulations or to meet other needs of the system. For example, some treatment technologies, such as ion exchange, are capable of removing other contaminants (e.g., uranium) in addition to arsenic. The portion of the treatment cost attributable to arsenic compliance can be difficult to distinguish from the cost of contaminants being removed for other regulations. Additionally capital costs may also include costs associated with other projects unrelated to arsenic treatment, including upgrades that increase the overall capacity of the system or replace existing equipment at the treatment plant. Because systems may perform other types of maintenance projects concurrent with their response to the Arsenic Rule, it can be difficult to isolate the costs attributable to the rule. These factors all add to the analytic challenge of how to evaluate the costs faced by systems affected by the Arsenic Rule. With no comprehensive or even representative data on costs or mitigation strategy selected, our options were limited. Short of conducting a survey of community water systems to gather information on treatment methods used and the costs associated with those methods, we found no other means of collecting the necessary data. Instead, we relied on limited information collected from compliance engineering firms and EPA demonstration projects which have their own potential biases. For example, the ORD projects rely on emerging technologies that were not entirely understood by the vendors. In addition, the price for adsorptive media was not well-established and, because of the speed at which EPA needed to implement the demonstration program, there may not have been sufficient time to negotiate the most competitive media prices.
Generally, little to no pilot testing was conducted at demonstration sites to optimize the design and installation of the technologies at a given facility prior to the selection of a technology and its implementation. On the other hand, vendors wishing to establish their technologies as cost-effective alternatives may have offered EPA more appealing prices. Again, because the goal of the program was to demonstrate the effectiveness of various alternative treatment technologies, nontreatment alternatives were not considered and are therefore not represented in the data. However, because of the detailed nature of the data, they nevertheless provided useful information.
While we do make comparisons of EPA predicted costs and realized costs from the ORD Demonstration Projects, these comparisons are for illustrative purposes only. We plot all of the capital cost data from the ORD Demonstration Projects against the cost curves for the compliance technologies recommended for smaller systems and find that EPA methodology overestimates capital costs in most cases, especially as the size of the system increases (as measured by the design flow rate). We also compare EPA predicted costs and realized costs from the four ORD Demonstration Projects for two specific BATs (ion exchange and greensand filtration) but make no judgments. Because the number of observations in our data set is very small compared to the number and heterogeneity of the systems affected by the Arsenic Rule, we cannot draw any conclusions regarding EPA's technology cost estimates. Our data capture the costs of treatment technologies for a very small percentage of systems affected by the arsenic standard and as such, our results are not generalizable across affected systems. Instead, our illustrative comparisons offer insights into how we might proceed if better and more comprehensive data were available.
We find that this effort illustrates the characteristics of an environmental control problem that make case study analysis extremely difficult and expensive. Despite our best efforts, our data do not provide enough coverage of CWSs to make any assessment of how ex post costs deviate from EPA's ex ante estimates. As discussed below, the heterogeneity of the affected water systems presents major obstacles to comparing ex post and ex ante costs. These factors and our lessons learned from doing this case study should be considered when designing future case studies assessing ex ante and ex post costs. We do offer limited comparisons of predicted cost estimates obtained using methodologies employed by EPA in the economic analysis with the data we collected on realized compliance costs for the 50 systems.
